T h e a rra n g e m e n ts in space o f th e covalencies o f a p o ly v a le n t a to m , w hile th e y a re su b je c t to sm all v a ria tio n s seldom ex ceeding 5 o r 10°, te n d to co n fo rm to q u ite a lim ite d n u m b e r o f ty p e s. I t is d esirab le to re la te th is g ro u p in g to som e fa m ilia r p ro p e rty o f th e a to m . T h e p ro p e rty h e re u sed is th e size (in G. N . L ew is's sense) o f th e v a le n cy g ro u p o f th e c e n tra l a to m , a n d th e n u m b e r o f sh a re d electro n s w h ich i t c o n tain s, to g e th e r w ith t h a t o f th e p reced in g (u n sh ared ) electro n ic g ro u p in th e a to m . T h e e x p e rim e n ta l re su lts show th e follow ing relatio n s.
I . W h e n th e v alen cy g ro u p is less th a n 8 w e h a v e w ith a co v alen cy o f 2 a lin e a r s tru c tu re (as in C l-H g-C l), a n d w ith one o f 3 a p la n e w ith eq u al an g les o f 120° (as in B F S).
I I . W ith a com p lete o c te t th e a rra n g e m e n t can b e e ith e r te tra h e d ra l o r p la n a r. W h en th e covalen cy is less th a n 4 it is alw ay s d e riv e d fro m th e te tra h e d ro n , as in th e tria n g u la r O H 2 a n d th e p y ra m id a l N H 3. T h e fu lly s h a re d o c te t is alw ays te tra h e d ra l w h en th e p reced in g g ro u p (n in th e g ro u p in g (n) 8) is 2, 8, or 18. I n th e tra n s itio n a l elem en ts w here 8 < n < 18, i t is t e t r a h e d ra l if n is n o t m u ch m o re th a n 8, a n d p la n a r if it is n o t m u c h less th a n 18; b u t th e tw o series overlap .
I I I . W h en th e re a re 10 v alen cy electro n s, a t le a st 2 o f th e m (th e " in e rt p a ir '') u n sh a re d , th e stru c tu re w ith a d ie o v alen t a to m (as in M [I3]) is lin ear: t h a t o f a 4-cov alen t a to m is fo u n d in th e th a llo u s a n d p lu m b o u s sa lts to be p la n a r, b u t in te llu riu m te tra c h lo rid e i t m a y b e a d is to rte d te tra h e d ro n .
IV . T h e p ecu liar 4-cov alen t d u o d e c e t in M[IC14]
is p la n a r. V. A co valency o f 5 is alw ays fo u n d to give a trig o n a l b ip y ra m id . V I. C ovalency 6 . T hree s tru c tu re s a re th e o re tic a lly possible, a trig o n a l p rism , a trig o n a l an tip rism , a n d a re g u la r o ctah ed ro n . E x p e rim e n ta lly th e o c ta h e d ro n is alw ays fo u n d , e x c e p t in a few g ia n t m olecules such as th o se w ith a nickel-arsenide la ttic e . T h e re g u la r o c ta h e d ro n h as b een fo und w ith p ra c tic a lly ev ery possible size o f th e p reced in g g roup, as well as w ith th e " in e rt p a i r " o f electrons.
V II. A covalency o f 7 ca n h a v e tw o d ifferent stru c tu re s, one d eriv ed fro m th e o c tah e d ro n a n d th e o th e r fro m th e trig o n a l p rism . N early (b u t n o t quite) all th e stru c tu re s can be even m ore sim ply re la te d to th e size o f th e v alen cy g ro u p b y assum ing th a t th e m ean po sitio n s o f th e electro n p a irs in th is g ro u p are th e sam e w h e th e r th e y are sh ared o r n o t, th e s tru c tu re being lin ear fo r 4 electrons, p lan e sy m m etrical for 6, e ith e r t e t r a h ed ral or p lan e fo r 8, a trig o n a l b ip y ra m id for 10, a n d an o c tah ed ro n for 12.
The experimental determination of the relative positions in space of the atoms in a molecule can now be effected by a variety of methods, of which the measurement of the diffraction of X-rays by solids and electrons by vapours, of absorption spectra and Raman spectra, and in particular cases of optical activity and electrical dipole moments, are among the most important. A knowledge of these relative positions has acquired greater importance recently for two reasons: first, because they are fundamental in determining the possibility of resonance among different structures; and secondly, from the point of view of chemical dynamics, since we now realize that the heat of activation is largely the energy required to bring the atoms into their proper positions for reaction.
On the theoretical side, the calculation of the relations between the electronic structures and the covalency directions has made great progress, mainly as the result of two methods of attack, that of localized electron pairs, and that of molecular orbitals, which are now (van Vleck and Sherman 1935) realized to be only two initial approximations leading to the same final solution. These methods enable us to relate the stereochemistry of the molecule to the number of shared and unshared electrons in the polyvalent atom, and the electronic subgroups which these occupy. Recently, Kimball (1940) has given a discussion, from the group-theory point of view, of all the possible stable electronic arrangements which polyvalent atoms can have, and of the spatial relations to which they give rise.
For the chemist, who is more interested in the answer than in the method of calculation by which it is reached, these theoretical investigations are subject to two drawbacks. The first, which is inherent in the present state of molecular physics, is that when the energy differences between the various possible electronic arrangements, or between various stereochemical groupings which are compatible with the same electronic structure, are small, they cannot be determined by calculation, which thus can only inform us what arrangements are possible, and not which will actually be adopted.
The second weakness is that of the chemist, who cannot always tell whether the bonds in a given molecule are s, p, or d even when this is clear to the physicist, and would be glad to be able to infer the stereochemical type from some property of the molecule with which he is more familiar.
It therefore seemed worth while to collect the experimental evidence as to the stereochemistry of polyvalent atoms, and to try to relate it to the simplest expression of electronic structure, the size of the valency groups and the number of shared electrons they contain.
The calculation (if it can be called so) of these sizes is simple. The total number of electrons in the combined atom is taken to be the atomic number increased by 1 for every normal covalency and by 2 for every co-ordinate covalency in which it acts as an acceptor, and further increased or diminished by the amount of the ionic charge if any. Of this total the unshared electrons are distributed as far as possible among completed electronic groups of the size 2 n% (2, 8, 18, 32). The shared electrons are assumed for this purpose (though this is not always true in fact) to be all in the outermost electron group; there may also be (with the transitional elements) a penultimate group of from 9 to 17 unshared electrons. When the structures of the atoms are formulated in this way, experience shows that the outermost group (the valency group proper) if it is wholly shared may contain any even number from 2 to 16; if it is partly shared (mixed) then either (a) it contains not more than 8 electrons in all, or ( b) by the removal of (known as the " inert pair") it can be reduced either to an octet or to a wholly shared group. The only certain exception to this is the anion [ICl4]-> where the valency group of the iodine contains 7 + 4 + 1 = 12 electrons, of which only 8 are shared.
It is thus possible to express the electronic structure in this simple sense by means of the two outermost groups in the atom: for example, that of the oxygen in water as (2) 4,4 (the shared electrons are printed in heavy type) and the divalent* palladium in py2PdCl2 as -(16) 8.
The majority of the data we have to consider are the results of the X-ray analysis of crystal structures, and the interpretation of such results in terms of molecular linkage is sometimes a matter of uncertainty. It is not always clear whether particular links should be regarded as ionized or covalent, and it may sometimes be suspected that the atomic positions are largely distorted by internal strains of more than one kind. We have tried to avoid such difficulties by omitting these doubtful molecules, and considering only those whose structures appeared fairly certain. It should be observed that where there is reason to suspect the occurrence of resonance between ionized and covalent links (which presumably is the most frequent form of resonance), this need not prevent the atoms from having the spatial distribution required for the purely covalent structure, since it is a condition of the resonance that the positions should be nearly the same in both (or all) the resonance structures.
If these principles are clear, it remains only to consider the results. Theory and practice agree that the arrangements in space of the covalencies of a polyvalent atom, while they are subject, from a variety of * The num erical value of th e valency is of course tak en in the sense defined by Grimm and Sommerfeld (1926) as th e difference betw een the num ber of unshared electrons in th e uncom bined and in th e com bined atom . causes, to small variations seldom exceeding 5 or 10°,* tend to conform to a quite limited number of types (probably less than 12), according to the number of links, the nature of the linked atoms, and the way they are joined.
In collecting the evidence for these structures, those molecules have been excluded in which the central atom definitely (and not merely in one reson ance form) has multiple links, because they do not help us. We have little or no experimental knowledge of the effect of multiple links on the geometry of any forms other than the tetrahedral, and so from the observation of multiply linked molecules we cannot infer the original singly linked type.
The subject may be divided into two main parts: (I) structures in which the covalency of the central atom is 2, 3, or 4 ; and (II) those in which it is 5, 6, 7, or 8. 2, 3, and 4 In this section we must distinguish four classes: I. A. Valency group less than 8, i.e. either the 2-covalent quartet 4 , or the 2-or 3-covalent sextet 2, 4 or 6. To these must be added one or two molecules such as B2H 6 and C102, where the central atom falls a little short of a full octet.
I. Covalencies of
I. B. Valency group 8 (by far the commonest condition): 2-covalent 4, 4 ; 3-covalent 2, 6 ; 4-covalent 8 . The electronic group preceding the octet in the atom may be 2, or any number from 8 to 18 inclusive; if it is more than 8 and less than 18 (transitional elements), the octet is always found to be fully shared.
I. C. Valency group 10, two at least of these being unshared: [(2) 4, 4 ; (2) 2, 6; (2) 8]. This only occurs, so far as we knowf, when the preceding group is 18 (the B elements of the Periodic Table) , and is found especially in the heavier elements, and in the later periodic groups; the phenomenon is known as that of the " inert p a ir" of electrons (see Grimm and Somraerfeld 1926) .
I. D. Valency group 12, of which 4 are unshared: this is only known for certain in one molecule, the univalent ion [IC14]~. * Occasionally th e internal strain causes large distortion, as in cyclopropane and phosphorus vapour P 4, in which th e valency angles are reduced to 60°. t -4 possible exception, which, however, does n o t concern us here, is th e te tra v a le n t uranous ion U 4+. * The letters following th e d a te indicate th e m ethod of m easurem ent used th u s X = X -ray crystal analysis: see below, p. 166. f I n some crystalline structures a linear arrangem ent of the dicovalent octet appears to be possible. Thus in th e pyrophosphate ion P 20 7 th e P-O -P group was found to be linear (Levi an d Peyronel 1936 X ), and so too is th e Si-O-Si group in Si20 7 (Gossner and Mussgnug 1929; Zachariasen 19306) , an d in cristobalite (W yckoff 1925 a), though n o t in qu artz. The Be-F-Be valencies in crystalline beryllium fluoride also seem to be nearly linear (B randenberger 1932 X ; W arren an d H ill 1934 X) . W hether this is due to ro tatio n or strain in th e crystal or to o ther causes is uncertain. But when the atom has a transitional core, with an outer group (next to the octet) of more than 8 but less than 18 electrons, both of the types are found, the tetrahedral when the group is not much more than 8, and the planar when it is not much less than 18, and the two series overlapping in the middle. As to several of these structures we unfortunately have no data, but enough have been determined to show the general relations; they are given in the following table, where n is the number of electrons in the (unshared) group preceding the octet: N. V. Sidgwick and H. M. Powell n m 9 10 11 12 13 14 15 16 17
P lan ar M n11 Co11 A u111 Cu11 N i" Ag*1 P d 11 P t 11 * All these elem ents are in th e ir group valencies unless otherw ise m arked.
• t The only exception to th is is found in th e aurous com pounds K[A u(CN )2A], where A stands for a molecule of th e chelate diam ine dipyridyl or phenanthroline; W ardlaw and his colleagues (Dothie, Llewellyn, W ardlaw , and W elch 1939) claim to have shown th a t these are planar, although th e gold atom has th e stru ctu re (18) 1940) consider that this is so: that as the tellurium atom here has 10 valency electrons the structure should be that of a trigonal bipyramid (as in the 5-covalent molecules) with one place-probably * This, however, is n o t certain. The p lan ar 4-covalent nickelous com pounds have been shown to be diam agnetic, as P auling's theory requires; b u t there are o ther 4-covalent nickelous com pounds which have been found to be param agnetic, although their stereochem ical stru ctu re has n o t been exam ined.
equatorial-unoccupied; this would give a polar molecule of the shape of an unsymmetrical tetrahedron*.
On the other hand, it is possible th a t tellurium tetrachloride has the same planar structure as the thallous and plumbous compounds examined by Cox, and th at the apparent moment is due either to abnormal atomic polarization or to the formation of a co-ordinate link to the solvent. Various facts support this view. Tellurium tetrachloride is by no means a simple covalent molecule; it melts at 225° and boils at 390°: its specific conductivity in the fused state is th at of a salt, being 0-1145 a t 236° (Biltz and Voigt 1924) . Though it dissolves in benzene (about 4 % a t the ordinary temperature), it is too insoluble in carbon tetrachloride, carbon bisulphide, and heptane for these solvents to be used, which strongly suggests th a t it is solvated in benzene. There are many parallel instances. Mercuric chloride, bromide, and iodide, which in the vapour have been shown to be non-polar linear molecules (Braune and Linke 1935 D) , are nearly insoluble in benzene, but readily dissolve in dioxane, in which solvent they were found to give moments of 1-29, 1-06, and 0-58 D respectively (Curran and Wenzke 1935 D) ; in this case compounds with dioxane Hg(hal)2, C4H 80 2 have since been isolated (Crenshaw, Cope, Finkelstein and Rogan 1938) . Aluminium bromide, which is non-polar in carbon bisulphide, has a large moment (4-89 D) a t high dilutions in benzene (Ulich and Nespital 1931;) iodine has a moment of 1-0 in benzene, but is non-polar in hexane and cyclohexane (Muller and Sack 1930) .! I. D.
This structure 4, 8 is a duodecet with four unshared electrons, as though it had two inert pairs. I t occurs in the tetrachloroiodides M[IC14]; the potassium and tetram ethyl ammonium salts have been examined (Mooney 19386) , and it has been shown th at the anion is planar and equiangular. This is the only known example of this type of electronic grouping, unless, * L. H elm holtz an d M. T. Rogers (J. Artier. Chem. So recently found th a t th e anion of K [ I 0 2F 2], in which th e iodine has th e valency groups -(18) (2) 8, has a configuration th a t m ay be regarded as th a t of a trigonal bipyram id w ith one equatorial position unoccupied.
f Since th is was w ritten Stevenson and Schom aker have published (1940) an exam ination of tellurium tetrachloride b y electron diffraction. T heir results show th e Te-Cl distance to be 2-33 A (sum of covalent radii 2-36), w hich requires th a t th e Cl -• • Cl distance should be for a tetrah ed ro n 3-82 A, and for a plane square stru ctu re 3-30 A. The observed value of th e principal C1---C1 distance is 3-27 A, corresponding to a valency angle of 93 ± 3°. T hey consider th a t th is is evidence of a d isto rted te tr a hedron of th e k ind contem plated above; b u t it will be seen th a t th e results lie very close to those required for a plane sym m etrical structure. A fifth molecule of this covalency, IF 5, has also been examined by electron diffraction; but the difference between the atomic numbers of the atoms (9, 53) makes it impossible to determine the stereochemical type. This is peculiarly unfortunate, because there are theoretical reasons to expect that since the iodine has 12 valency electrons this molecule will be a square pyramid (figure 1).
II. B. Covalency 6
Next to th at of 4, this is the covalency th a t is most often found. On theoretical grounds we should expect three stereochemical types: (I) a trigonal prism, (2) a trigonal antiprism, and (3) a regular octahedron (figure 2). In fact, it is found th at all the known molecules of the AB6 kind form regular octahedra, with the exception of a few giant molecules con taining AB6 groups, which are of the other forms (MoS2, trigonal prism: crystals with the nickel arsenide lattice, trigonal prisms and trigonal anti prisms). The reasons for this are clear if we examine the structures more closely. Properly speaking these should be called two types, (1) the trigonal prism and (2) the trigonal antiprism: the regular octahedron is a species of (2) in which the B-B distances and the valency angles are equal. The relation between the prism and the antiprism is exactly like th a t between the unstable and the stable positions in ethane, and it is natural th a t in molecules of the AB6 kind, where the B atoms are crowded together, they (or their links) should repel one another, which would make the antiprism form more stable. For the same reason we should expect th a t among the various forms of the antiprism the strain would be least in the octahedron, where the B atoms are equidistant.
Hence it is natural th at the octahedral form should be preferred when the ABe molecule is left to itself, either in the vapour or in those crystals where it is only attached to its neighbours by weak van der Waals forces; while in giant molecules the much stronger valency forces acting on its atoms may draw them over into one of the other forms.
The range of the octahedral type is very wide; for atoms in the first short period a covalency of 6 (= (2) 12) is of course impossible, but almost every other conceivable form is known, not only -( ) 12 with every value of n from 8 to 18, but also the form with the inert pair - (18) (2) Another molecule assigned by Pauling, no doubt correctly, to the 7-covalent class is the very peculiar iron enneacarbonyl Fe2(CO)9 (Powell and Ewens 1939) . The two iron atoms are joined through three carbon atoms, but their distance apart makes it almost certain th a t they are also linked directly, a conclusion which is supported by the diamagnetism of the compound (figure 3). Pauling (1939, p. 238 ) describes the iron here as trivalent, but with this formula it is tetravalent, and the valency group is -(12) 14. The stereochemical type is the same as th at of the heptafluorozirconate.
II. D. Covalency 8
Compounds of this co valency are much more frequent than the 7-covalent, but only one of them has been examined, and th at is the very stable octocyanide of tetravalent molybdenum K 4[Mo(CN)8], the anion of which was found (Hoard and Nordsieck 1939) to have neither the cubic nor the antiprismatic structure, but th at of a dodecahedron (figure 4). The cube, which has generally been assumed to be likely to be the shape of an 8-covalent complex, is on theoretical grounds unlikely to occur.
[Mo(CN)8]------F ig u r e 4

Conclusion
If we compare the stereochemical type with the size of the valency group as a whole, and assume th a t the electron pairs occupy much the same positions whether they are shared or not, it is seen th a t this size is closely related to, and in most cases uniquely determines, the type of spatial arrangement adopted, and in the following way.
With a quartet of electrons, the molecule is linear (as in Cl-Hg-Cl). With a sextet, the arrangement is planar, and the valency angles 120°, giving with a covalency of 3 the plane symmetrical molecule (as in B F3) and where it is 2-covalent, as in SnCl2, a triangular molecule.
With an octet there appear to be two different types, the tetrahedron and the plane square form. All the 2-and 3-covalent octets are derived from the tetrahedron, the 2-covalent being triangular and the 3-covalent pyramidal. The 4-covalent (fully shared) octet is tetrahedral when the electron group ( n) preceding the valency octet contains 2, 8, or 18 electrons and also in the earlier transitional elements when n is not much more than 8. When n is not much less than 18 the planar form appears, while for inter mediate values both types occur. The planar form may really be a 4-covalent duodecet, as in the [IC14]~ ion (below), which would become possible when n is not less than 12.
The decet when fully shared (5-covalent) gives the trigonal pyramid. The 4-covalent decet seems to have two forms: (1) a plane square structure in thallous and plumbous compounds (involving a change in the dis position of the 10 electrons), and perhaps (2) in tellurium tetrachloride a distorted tetrahedron, which would naturally arise from the bipyramid by the removal of one of the attached atoms. The 2-covalent decet is found in the trihalide ions such as [I3]~, which have been shown to be linear, as if derived from the trigonal bipyramid by removing all three equatorial groups.
The duodecet when fully shared (6-covalent) is octahedral. The 5-covalent form occurs in IF5, but its structure is not known; the 4-covalent form is that of the iodine in the anion [IC14]~, which has been shown to be square, and so to be derived from the octahedron by the removal of two trans groups; the same structure may occur in the planar 4-covalent compounds of the later transitional elements. The 14-group occurs in two 7-covalent forms derived respectively from the octahedron and from the trigonal prism by the insertion of a seventh valency.
Of the 16-group (8-covalent) only one example has been examined, which is found to be dodecahedral.
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The bibliography of this subject is very large, and only a selection of the more important papers is given here. In the first section the short titles of the papers are quoted under the elements in question, the full references being given in § 2. The elements in § 1 are arranged under their periodic groups, the symbol being followed by a Roman figure giving 
Group III
B o ro n : alw ays triv alen t, ( 1) w ith 3-covalent se x tet as in B F 3; (2) w ith 4-covalent " reduced o c te t" (strictly 48/7 electrons) as in B 2H 6; (3) w ith 4-covalent octet, as in M [BF4].
(1) S ex tet (2) T a n ta lu m : references are identical w ith those for Nb.
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